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Abstract- -The quality of parameter estimates evaluated by the authors from dynamic 
stability tests which identify kinetic models in the presence of a continually changing 
moisture environment, is evaluated with respect o their static test counterparts using 
computer simulated tests. For both the static and dynamic tests, the results show that 
to gain statistical confidence in the parameter estimates, the relative xperimental noise 
must be minimized (minimize the measurement error and maximize the extent of deg- 
radation). The dynamic test procedure yields parameter estimates with less confidence 
than the static test, because the total extent of degradation encountered within the test 
is less, hence the relative noise is higher. Therefore, the dynamic stability test is inferior 
to its static counterpart when all of the assumptions about the system are met, but since 
the dynamic test evaluates the model parameters under conditions imilar to the real 
system, factors unconsidered in the model are minimized. 
I. INTRODUCTION 
Dynamic stability tests have been proposed as a convenient method for measuring the 
effects of certain environmental stresses (e.g. temperature and moisture) on the stability 
of a product. In the dynamic test[l] the product sees continually changing stress condi- 
tions. The stress-time profile is related to the degradation-time profile in a way which 
yields the effect of the stress on the deterioration rate. Classically, in static stability tests 
the degradation profile is measured in a number of separate systems held under constant 
environmental stress. 
A dynamic moisture stress procedure was introduced[2] which could make predictions 
for similar systems, but did not identify actual models. The method was then revised[l] 
for the purpose of identifying model parameters. This investigation assesses the perform- 
ance of a dynamic stability test with respect o its static counterpart, for its ability to 
predict accurately the parameters in a moisture sensitivity model. 
II. EVALUATION DESIGN AND RESULTS 
The assessment ofthe dynamic technique isbased on computer simulated stability tests 
for ascorbic acid and [3-carotene. These systems were chosen because they are common 
nutrients, which gives a sense of reality to the assessment, while testing a broad range 
of situations. The reason for simulating the tests is to assure that all of the assumptions 
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used to derive the estimation scheme are met, thus eliminating any experimental bias. 
The effects of errors in measurement of vitamin concentration, of extent of degradation 
and number of observations were investigated. 
A. Static tests 
For a basis of comparison, the performance of the classical static test was assessed. 
In the simulated tests, an exact set of data was generated. Then by assuming that the 
experimental concentration measure contains only proportional error, the ideal data were 
perturbed with random, normally distributed proportional error to give a set of simulated 
experimental data. These data were then used to estimate the kinetic model parameters, 
assuming the model forms which generated the exact data initially. Since all models pre- 
sented for the static system are linear, the parameter identification was done using simple 
linear regressions. A large number (usually 100) of simulated tests and parameter esti- 
mations were repeated, so that an evaluation of the joint confidence region for the pra- 
meters, and consequently some insight into the distribution and correlation of the param- 
eters under a specified set of experimental conditions could be made. 
The model forms[3] used to generate the "real" data were for B-carotene, 
)c dt + b'2 , (i) 
where 
b'l = 2 × 10-4hr -I,  
b'2 = 2 x 10-3hr -l  . 
And, for the ascorbic acid 
dc  
'-- = blexp (bza)c  , (2) 
dt 
where 
bl = 9.3 x 10-4hr -1, 
b2 = 0.82. 
A plot of these equations appears in Fig. 1. 
In the simulated static tests, eight typical water activities were chosen. The experi- 
mental parameters are given in Table I. 
Since a simple least squares linear regression is used, the joint distribution of the 
parameter stimates i bivarite normal. The summary given for these tests is the 90%joint 
confidence llipse. The ellipses were constructed using the simple means of bj and b2 for 
centering, the sample variances for scaling and the sample correlation coefficient. Figures 
2 and 3 show the effect of the data pool size on the estimation of the model parameters 
for the [3-carotene system. The size was varied by changing the number of observations 
to calculate a rate constant at a given water activity (Fig. 2), or by changing the number 
of water activity categories (Fig. 3). Since there is a common Co value for each of the 
water activities, the tests using 3, 5 and 10 data points to estimate ach rate constant at 
eight different water activities correspond to 25, 41 and 81 total points, and for the tests 
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Fig. 1. The base kinetic models used for the simulated storage tests. This is a plot of the first-order rate constant 
as a function of water activity. 
using four and eight separate water activities and five points to define the first-order ate 
constant, correspond to 21 and 41 total data points in the pool. 
In Fig. 4 the effect of measurement error for 13-carotene is shown. The effects of 2, 4 
and 8% errors are shown for tests run under the conditions of five sample points per water 
activity at eight water activities. 
Figure 5 shows the effect of the extent of degradation on the parameter estimation. 
Here the difference is approximately 50% versus 90% degradation (note that to simulate 
a laboratory chemical assay procedure with a detection limit, the simulated measurements 
Table 1. Simulated static test conditions 
Sample time 
Water activity (hours) 
0.020 0 
0.058 24 
0.112 48 
0.316 96 
0.484 192 
0.555 240 
0.661 
0.747 
The data pool size was adjusted by taking rep- 
licate samples at the above sampling times. 
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Fig. 2. The effect of the number of observations on the parameter stimates from simulated static tests run m 
the 13-carotene system. These are the 90%joint confidence ellipses for simulated static tests run with eight wate 
activity categories and 4% measurement error for [3-carotene. 
beyond 90% degradation were censored from the observations) for the test conditions of 
five sample points per water activity at eight water activities. The extent of degradation 
was manipulated by scaling the rate in the model Eq. (1) by one order-of-magnitude and 
keeping all of the other test conditions identical. 
Figures 2 to 5 show that the most important aspect to consider in the experimental 
design for a precise identification of the model parameters, is to maximize the signal-to- 
noise ratio, that is, to obtain a maximum extent of degradation and a minimum measure- 
ment error. Increasing the accuracy of the parameter estimates by increasing the data 
base does not have as dramatic an effect as adjusting the relative noise in the data. 
Maximizing the signal-to-noise ratio has some practical imitations, however. Identi- 
fying the kinetic model parameters at extents of degradation far beyond the region in 
which the model will be used for predictions may yield erroneous results due to shifts in 
the reaction mechanism at the high extents of reaction. If the assays have significant error, 
however, then the large extents of degradation are necessary to give sufficient accuracy 
to the parameter estimates, so that they may be put to practical use in a predictive model. 
This presents a trade-off in any experimental design. 
Similar results were found for ascorbic acid. Thus, the conclusions drawn for the static 
ascorbic acid system are similar to the conclusions drawn for the static [3-carotene system. 
B. Dynamic tests 
A similar investigation was conducted with respect o the dynamic test method. For 
this, a given moisture dynamic profile was simulated, and the corresponding nutrient 
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contents were determined by coupling the moisture dynamics with Eqs (1) and (2). Since 
the parameter  estimation procedure for the dynamic test estimates a moisture history from 
the initial and final moisture content measurements,  simulated moisture data were created 
by scattering the true values with absolute Gaussian error. The magnitude of this error 
(0.0018 g HzO/g solid) was chosen based on an experimental determination of the error 
structure. As in the simulated static tests, the simulated nutrient concentration measure- 
ments were created by scattering the exact nutrient contents with Gaussian proportional 
er ror .  
The simulated ata were used in their respective parameter estimation schemes[I] .  An 
ordinary least squares regression was used to analyze the [3-carotene data using a trans- 
formed water activity and time as the carriers, while the normal equations for the nonlinear 
ascorbic acid system were derived and solved simultaneously using Powell 's Method 
( IMSL subroutine ZSPOW). Since the models used for the simulated ynamic tests were 
integrated with certain errors superimposed, it is not necessary that the parameter esti- 
mates be distributed as a bivariate normal. Therefore, some evaluation of the parameter 
estimate distribution must be made before a summary method can be used. 
The sampling schedule used for the dynamic tests appears in Table 2. The size of the 
data pool was adjusted by making replicate samplings at these times. 
Qualitatively, the parameter estimates for the [3-carotene system are distributed bi- 
variate normally. The results for the dynamic [3-carotene tests are similar to those found 
for the static tests. In addition to the types of experimental parameters investigated for 
the static tests, the effect of the error in the moisture measurement, and hence in the 
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Fig. 3. The effect of the number of observations on the parameter stimates from simulated static tests run on 
the 13-carotene system. These are the 90% joint confidence llipses for simulated static tests run with 4% meas- 
urement error for [3-carotene. There are five data points used to estimate the reaction rates under four (0.058, 
0.112, 0.316, 0.747) water activity categories, and eight (see Table 1) water activity categories corresponding to
21 and 14 observations, respectively. 
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Fig. 4. The effect of measurement error on the parameter stimates from simulated 13-carotene static tests. These 
are the 90% joint confidence llipses from simulated tests which utilized five data points to estimate the rate 
constants at each of eight water activities. 
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Fig. 5. The effect of the extent of degradation on the parameter estimation from simulated B-carotene static 
tests. These are the 90%joint confidence ellipses for the parameter b'~ and b'2 from simulated tests which utilized 
five data points to estimate the rate constants at each of eight water activities. These tests used 4% measurement 
error for B-carotene. The orders-of-magnitude for the parameters are not reported since the extent of degradation 
is manipulated by varying the order-of-magnitude. 
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Table 2. Base set of sampling times 
for the simulated ynamic tests 
(hours) 
0 
0 
12 
18 
24 
24 
36 
48 
48 
72 
96 
96 
120 
144 
168 
192 
192 
216 
240 
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estimated moisture dynamics, was also evaluated. These results are given in Fig. 6 for 
the case where there is a threefold ifference in the moisture content measurement error. 
Other than introducing a slight bias, using an approximate moisture history does not 
detectably affect the parameter estimation procedure. 
When the results of the simulated ynamic tests are compared with the results obtained 
for the static tests, it can be seen in Fig. 7 that the dynamic test method yields more highly 
correlated parameter estimates than the static test method. The confidence regions for 
the parameter stimates from similar (same measurement error, total number of data points 
and experiment duration) static and dynamic tests are quite different. For [3-carotene the 
0 
3-5 
3.0 
2"5 
2-0 
Xl .5  
1.0 
0-5 
i I I I I I I 
- -  0"0054 g H20/g solid 
0 ' i I I i I I 
-I 0 I 2 3 4 5 6 
b~ x I0 4 
Fig. 6. The effect of measurement error in the moisture dynamics on the parameter stimates from simulated 
dynamic tests on the 13-carotene system. These are the 90%joint confidence ellipses estimated from 100 simulated 
dynamic tests utilizing 20 data points and 4% measurement error for 13-carotene. 
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Fig. 7. A comparison of the parameter estimate distribution from static and dynamic tests for the 13-carotene 
system. The static test used a total of 41 data points (five points at eight water activities plus a c,, measure) 
while the dynamic test used a total of 40 data points. Both tests assume a4% measurement error for 13-carotene. 
parameter b'2, which does not carry the water activity dependence, shows little difference 
between the two test methods on its confidence interval, but the parameter b'j ,  carrying 
the water activity dependence of the model, shows a dramatic affect between the two test 
methods. The confidence region for b'~ from the dynamic test method is very much wider 
than the similar region drawn from the static tests. 
Computer simulation of the ascorbic acid dynamic stability tests present a similar, but 
more complicated situation since it is a nonlinear system. Figure 8 shows a scatter plot 
of the parameter estimates for the ascorbic acid model from 101 simulated ynamic tests 
at a single set of storage conditions. It can be seen that this model tails heavily toward 
the upper left, and the probability density of these points is obviously not bivariate normal. 
As a possible summary of these points, a transformation of the parameter space may push 
the observations into a bivariate normal distribution. When the transformations, 
ZI  ~ b12~ 
Z2 = log b2 
(3) 
are used to contruct an ellipse (Fig. 8), the region overestimates the area in the vicinity 
of the center, and also shows a curvature which is not present in the observations. 
A nonparametric (robust) summary was also used. For this, the median observation 
was used for centering. Median values of 9.228 × 10 4/hr and 0.8201 compare quite 
favorably with respect to the true center. The scaling was accomplished by using the 
median absolute error from the median, and a nonparametric correlation coefficient 
(Spearman's ranked correlation). The ellipse constructed from these parameters i also 
shown in Fig. 8, and summarizes approximately 70% of the observations. 
Since the transformed parameter space summary of the parameter distribution seems 
to overestimate the confidence region and the nonparametric summary underestimates 
the region, neither summary technique has a clear advantage over the other. The non- 
parametric method was chosen as the primary summary technique for several reasons. 
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First, if in the parameter transformation method, the transformations are not universally 
valid then the technique may collapse, also the transformations have singularities which 
may be hit. Therefore, the nonparametric estimates can be applied to a broader set of 
situations. Second, the nonparametric method more accurately summarizes the parameter 
estimate distribution in the vicinity of the true parameter values, and is, therefore, more 
accurate in the region of interest. Finally, this technique gives a linear confidence region, 
while the transformed parameter summary gives a curvature not seen,in the original ob- 
servations. 
The results for the simulated ynamic storage tests, modelling the ascorbic acid deg- 
radation, are qualitatively the same as those obtained from the static tests, and from the 
simulated [3-carotene static and dynamic tests. They show that increasing the sample size 
does not greatly increase the accuracy of the parameter estimates, and that minimizing 
the relative noise, i.e. allowing the degradation to proceed to a high extent or minimizing 
the measurement error, has a great effect on the improvement of the accuracy of the 
parameter estimates. 
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Fig. 8. A scatter plot of the parameter stimates from 101 simulated dynamic tests on the ascorbic acid system. 
Three possible summary techniques are shown. 
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Fig. 9. A comparison of the parameter stimate distribution from static and dynamic tests for the ascorbic acid 
system. The static tests used a total of 41 data points with 2% measurement error assumed for ascorbic acid. 
The summary ellipse is the 90% joint confidence llipse for the parameters. The dynamic tests used a total o f  
40 data points with 2% measurement error assumed for ascorbic acid. The summary ellipse is the robust summary, 
which summarized approximately 70% of the parameter stimates, The actual distribution tails to the upper left. 
A comparison of similar simulated static and dynamic tests for the ascorbic acid system 
also shows results similar to the 13-carotene system. An example is shown in Fig. 9. It is 
slightly more difficult to compare the two types of tests for the ascorbic acid system, 
since the parameter estimates do not come from the same type of distribution. Qualita- 
tively, however, the parameter, bl, which does not carry the water activity dependence, 
has approximately the same confidence region between the two types of tests. The pa- 
rameter, b2, which does carry the water activity dependence, has a wider confidence 
region from the simulated ynamic test than from the corresponding static test. As for 
the 13-carotene system, the parameter estimates from the dynamic test method are more 
highly correlated than the parameter estimates from the static test method. Also since 
the confidence region constructed for the dynamic test is the nonparametric summary, 
which greatly underestimates the tailing of the distribution to the upper left, the quality 
of the estimates from the dynamic test is slightly lower than even Fig. 9 would indicate. 
3. GENERAL DISCUSSION 
The static and dynamic methods have been compared in two complementary s stems. 
They are complementary in the sense that the [3-carotene system becomes more stable 
at high water activities while the ascorbic acid system becomes less stable. In both systems 
it has been demonstrated that the dynamic test gives a larger confidence region for the 
parameter stimates than the static test, which indicates that, under the conditions tested, 
the dynamic method is inferior to the static test method. 
The reason that the static test is better than the dynamic test is that the extent ot 
degradation is higher per water activity category, and hence the relative noise in the 
estimation of a rate at a given water activity is lower than in the dynamic test. Another 
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way of looking at this is that in the static test the model is identified by modelling the 
different slopes in a family of lines run at different water activities, while in the dynamic 
test the model is identified by recognizing curvature in a single line. 
Under the ideal conditions of the simulated storage tests, the dynamic method gave infer- 
ior parameter stimates when compared to the static test results. This, however, does not 
necessarily mean that there is no place for dynamic testing as a predictive tool. The static 
test is better than the dynamic test when all of the assumptions of the test are met. In 
the simulated static and dynamic tests, the primary assumption is that the empirical model 
describing the moisture dependence of the degradation rate is independent of moisture 
history. Also, the simulated tests were demonstrated in a system where it made physical 
sense to hold certain environmental f ctors constant, and thus a static test was possible. 
It is not necessary that the empirical model derived from a static system is applicable 
over all of the feasible dynamic modes of the system. Running the test under a dynamic 
mode similar to the real system minimizes the uncertain effects of coupling moisture and 
reaction dynamics. For example, consider a hypothetical case in which the effects of 
moisture on the rate of decomposition can be linked to a physical change in the "inert" 
solid support. Since moisture can cause the solid to flow, the actual physical state of the 
solid, which is linked to the moisture history of the solid, is affecting the kinetics, not the 
water activity per se. Thus, the model relating moisture to the reaction rate is not inde- 
pendent of history. The dynamic test method also is very important in the modelling of 
systems where the effects of two dynamic processes cannot be uncoupled. 
An extremely valuable application of the analysis of the dynamic stability information 
is the possibility of utilizing data obtained in actual storage and distribution situations, 
which can serve as a data base for kinetic model evaluation. 
4. CONCLUSIONS 
It may be concluded from both the 13-carotene and the ascorbic acid systems that to 
gain accuracy in the parameter stimates it is most advantageous to minimize the relative 
noise in the concentration measurements. Compensating for experimental errors by in- 
creasing the data basis does not have a profound effect on the parameter stimates unless 
a very large data base is created. The dynamic test method can be used to estimate the 
base degradation rate of a system as well as a static method, but the identification of a 
dependence annot be determined as well as in a static test if that dependence is changed 
dynamically through the test. 
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